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ABSTRACT 
A magnetometer is described which was constructed 
to facilitate the study and characterization of the 
magnetic properties of high transition temperature 
superconductors. This instrument has been used to 
measure the D.C. magnetic susceptibility of several 
superconducting compounds as a function of temperature. 
The construction of the magnetometer and the 
operating parameters are discussed in detail. 
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INTRODUCTION 
The magne t i c  p r o p e r t i e s  of  m a t e r i a l s  form t h e  
b a s i s  of  many p r a c t i c a l  a p p l i c a t i o n s .  For t h i s  r e a s o n  
t h e  s t u d y  of t h e s e  p r o p e r t i e s  i s  an i m p o r t a n t  p a r t  of  
modern s o l i d  s t a t e  physics.  The response of a s o l i d  t o  
an ex te rna l  magnetic f i e l d  i s  descr ibed by the  equation 
B = H + 4vM (cgs u n i t s )  (1) 
H i s  t h e  s t r e n g t h  of  t h e  a p p l i e d  f i e l d ,  i n  O e r s t e d s .  B 
i s  t h e  magne t i c  i n d u c t i o n  w i t h i n  t h e  m a t e r i a l  , i n  
Gauss,  and M i s  t h e  m a g n e t i z a t i o n .  M i s  a p r o p e r t y  of  
t h e  m a t e r i a l  and i n  a homogeneous s o l i d  it i s  equal t o  
t h e  a v e r a g e  m a g n e t i c  m o m e n t  p e r  u n i t  vo lume .  I n  
p a r a m a g n e t i c  and d i a m a g n e t i c  homogeneous s o l i d s  M i s  
d i r e c t l y  propor t iona l  t o  H so 
M = X,H 
w h e r e  X m  i s  t h e  m a g n e t i c  s u s c e p t i b i l i t y .  I n  a 
p a r a m a g n e t i c  s u b s t a n c e  X, i s  p o s i t i v e  and  i n  a 
d i a m a g n e t i c  s u b s t a n c e  i t  i s  n e g a t i v e .  For s i m p l e  
homogeneous m a t e r i a l s  a g raph  of M v s  H y i e l d s  a 
s t r a i g h t  l i n e  of s lope  XIn. 
The a l t e r n a t i n g  g rad ien t  magnetometer opera tes  on 
t h e  p r i n c i p a l  t h a t  a m a t e r i a l  hav ing  m a g n e t i z a t i o n  M 
w i l l  e x p e r i e n c e  a f o r c e  when p l a c e d  i n  a s p a t i a l l y  
varying magnetic f i e l d .  
F = M (dH/dx) ( 3 )  
M i s  t h e  component of magnetization i n  t h e  x-d i rec t ion  
and dH/dx i s  t h e  x-component of t h e  magne t i c  f i e l d  
grad ien t .  The cons t ruc t ion  of a g rad ien t  magnetometer 
using an a l t e r n a t i n g  f i e l d  
H = Ho S i n  w t  ( 4 )  
h a s  been d e s c r i b e d  by P. J. F lande r s ’  The i n s t r u m e n t  
descr ibed here  i s  based on t h a t  paper. 
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OBJECTIVES 
The objectives of this project were to: 
1. Construct an alternating gradient magnetometer 
capable of performing magnetic susceptibility 
measurements an small solid samples. 
2. Measure the D.C. magnetic susceptibility of high 
transition temperature superconductors as a function of 
temperature from room to liquid nitrogen. 
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THEORY 
I .  The Magnetometer 
A n  a l t e r n a t i n g  magnetic f i e l d  of t h e  form H = 
Ho S i n  w t ,  where Ho has a constant  g rad ien t  dHo/dx, 
i s  produced by a p a i r  of sweep c o i l s .  The sample ,  
whose magnetization i s  t o  be measured, i s  placed on 
t h e  end o f  a vane which forms a c a n t i l e v e r .  The 
a l t e r n a t i n g  f i e l d  produces  a s i n u s o i d a l  f o r c e  on 
t h e  sample which causes it, and t h e  c a n t i l e v e r ,  t o  
v i b r a t e  a t  t h e  f r equency  w. The upper p a r t  o f  t h e  
vane i s  a p i e z o e l e c t r i c  bimorph which produces  a 
v o l t a g e  p r o p o r t i o n a l  t o  t h e  d e f l e c t i o n  of t h e  
sample .  S i n c e  t h e  d e f l e c t i o n  of t h e  sample  i s  
propor t iona l  t o  t h e  appl ied fo rce  and t h e  f o r c e  i s  
p r o p o r t i o n a l  t o  t h e  m a g n e t i z a t i o n ,  t h e  
p i e z o e l e c t r i c  v o l t a g e  i s  p r o p o r t i o n a l  t o  t h e  
m a g n e t i z a t i o n  of t h e  sample.  I f  a l a r g e  d i r e c t  
c u r r e n t  f i e l d  H d c  i s  a p p l i e d ,  and i f  Hdc  i s  much 
l a r g e r  t h a n  Ho, t h e n  t h e  D.C. m a g n e t i z a t i o n  can be  
measured a s  a func t ion  of magnetic f i e l d .  
The s e n s i t i v i t y  o f  t h e  m a g n e t o m e t e r  i s  
optimized by v i b r a t i n g  t h e  vane a t  i t s  normal mode 
f r e q u e n c y ,  or one of i t s  o v e r t o n e s .  S i n c e  t h e  vane 
i s  v i b r a t i n g  a t  n o r m a l  r e s o n a n c e  i t  i s  v e r y  
s e n s i t i v e  t o  e x t e r n a l  d i s t u r b a n c e s  and m u s t  be  
i s o l a t e d ,  a s  n e a r l y  a s  p o s s i b l e ,  from o u t s i d e  
o s c i l l a t i o n s .  
11. Superconductivity 
I f  an i d e a l  supe rconduc to r  i s  p l a c e d  i n  an 
e x t e r n a l  magne t i c  f i e l d  i n  t h e  x - d i r e c t i o n  t h e  
f i e l d  w i l l  p e n e t r a t e  a s m a l l  d i s t a n c e  i n t o  t h e  
s u r f a c e .  The i n t e r n a l  magne t i c  i n d u c t i o n  i s  g i v e n  
by 
B = Bo exp( -x /L  ) ( 5 )  
L,  t h e  p e n e t r a t i o n  d e p t h  i s  of  t h e  o r d e r  of  1000 A 
i n  pure elemental  superconductors. For b u l k  samples 
t h e  i n t e r n a l  m a g n e t i c  i n d u c t i o n  B = 0 ,  o r  
approximately so. The superconductor i n  t h i s  s t a t e  
X I I I - 3  
is a perfect diamagnet with susceptibility 
So the magnetization M = -H/4H in an ideal bulk 
superconductor. A plot of M vs H will yield a 
straight line having slope Xm. In granular 
superconductors such as the ones under study at 
MSFC the magnetic field will penetrate the sample 
and the flux lines can be "pinned" by impurities 
and grain boundaries. This leads to hysteresis in 
the M vs H curves. This effect has been observed by 
D. Wong et a1 in the case of small fields . 2 
The recent discovery of superconductivity at 
temperatures above the normal boiling point of 
liquid nitrogen3 ( 7 7 K  ) has resulted in a frenzy 
of research activity into the properties of the new 
materials. Researchers at the Space Science 
Laboratory have made significant contributions in 
the field 5, in collaboration with scientists 
at The University of Alabama in Huntsville and at 
Lockheed Missiles & Space Co. Current research has 
been centered around materials having a nominal 
composition R1Ba2Cu30, + Ago where R is a rare 
earth ion and x is approximately 6.8 . These 
materials have shown several unusual magnetic 
properties which warrent further investigation. 
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APPARATUS 
1. The System 
The comple t e  sys t em i s  composed of ( a )  Sweep 
C o i l s ,  ( b )  F i e l d  C o i l s  t o  produce  t h e  D.C. f i e l d ,  
( c )  The Vane and P i e z o e l e c t r i c  T ransduce r ,  and ( d )  
E l e c t r o n i c s .  The sys t em i s  shown i n  f i g u r e  1. 
The o u t p u t  of a l o c k i n  a m p l i f i e r  i s  used t o  
d r i v e  t h e  sweep c o i l s .  The sweep c o i l  c u r r e n t  was 
m a i n t a i n e d  a t  150 m A  by a 5 X  power a m p l i f i e r .  The 
vol tage  output  from t h e  t ransducer  i s  measured with 
t h e  lockin  a m p l i f i e r  which d r ives  t h e  y-axis of an 
x-y r e c o r d e r .  A b i p o l a r  o p e r a t i o n a l  a m p l i f i e r  i s  
used t o  d r i v e  t h e  f i e l d  c o i l s .  The c o i l  c u r r e n t  i s  
mon i to red  and p l o t t e d  on t h e  x -ax i s  of t h e  x-y 
r e c o r d e r .  The r e s u l t i n g  o u t p u t  i s  a g r a p h  o f  
magnetization vs appl ied f i e l d .  From t h i s  graph t h e  
D . C  s u s c e p t i b i l i t y  c a n  b e  d e t e r m i n e d .  A more 
d e t a i l e d  view of t h e  t ransducer  and c o i l s  i s  shown 
i n  f i g u r e  2.  
2 .  T h e  Vane and Transducer 
The t r a n s d u c e r  was c o n s t r u c t e d  u s i n g  Kynar 
P i e z o f i l m  , a p o l a r i z e d  p o l y v i n y l i d i n e  f l o u r i d e  
f i l m  which was m e t a l l i z e d  on b o t h  s i d e s  w i t h  
aluminum. The comple t e  vane w i t h  t r a n s d u c e r  i s  
shown i n  f i g u r e  3a. S t r i p s  of Kynar were glued t o  a 
phosphor bronze p i ece  wi th  s i l v e r  varn ish  t o  form a 
p i e z o e l e c t r i c  bimorph. A n  e x t e n s i o n  made from 2 9  
m i l  t h i c k  g r a p h i t e  compos i t e  was g l u e d  t o  t h e  end 
of t h e  bimorph w i t h  G E  7031 v a r n i s h .  The vane 
extension allowed t h e  sample t o  be cooled whi le  t h e  
Kynar remained a t  o r  near room temperature.  
6 
The bimorph was clamped between two con tac t s  
made from copper  f o i l  and t h e  e n t i r e  a s sembly  was 
suspended by t w o  rubber bands t o  provide i s o l a t i o n  
from e x t e r n a l  v ib ra t ions .  A #40 Copper-Constantan 
( Type K ) thermocouple  was cemented t o  t h e  end of  
t h e  extension wi th  7031 varn ish  so  t h a t  t h e  sample 
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la1 Field coils. lbl Sweep coils. 
Ccl vane and Transducer. 
Figure 1. Magnetometer System. 
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Cal Field coils. [bi Sweep coils. 
k S  Vane and support. 
F i g u r e  2 .  D e t a i l  of V a n e  and C o i l s .  
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t e m p e r a t u r e  cou ld  be  measured. The sample was 
a t t a c h e d  t o  t h e  end of t h e  vane e x t e n s i o n ,  i n  
c o n t a c t  w i t h  t h e  t h e r m o c o u p l e ,  u s i n g  s i l i c o n  
g r e a s e .  S e v e r a l  vanes  were c o n s t r u c t e d  hav ing  
r e s o n a n t  f r e q u e n c i e s  of 40 t o  50 H z  depending o n  
sample mass and, somewhat, on t h e  temperature. 
3 .  Sweep Coils  
The sweep c o i l s  a r e  s h o w n  i n  f i g u r e  3b. These 
were r i g i d l y  mounted wi th  a s epa ra t ion  d i s t ance  of 
6 m m .  F i g u r e  4 shows t h e  magne t i c  f i e l d  a s  a 
f u n c t i o n  of  d i s t a n c e  between t h e  t w o  sweep co i l s .  
The c u r r e n t  was 100 m A  D.C. and t h e  f i e l d  g r a d i e n t  
was 2 2 . 1  Oe/cm and can be seen t o  be q u i t e  constant  
f o r  s e v e r a l  m m  a b o u t  t h e  c e n t e r  p o s i t i o n .  The 
a c t u a l  v i b r a t i o n a l  a m p l i t u d e  of t h e  sample  was 
presumed t o b e  m u c h l e s s t h a n l m m  s i n c e  t h e  motion 
was n o t  v i s i b l e  a t  any t i m e .  The sweep c o i l s  were 
dr iven a t  150 mA during most of t h e  experiments. 
4 .  F i e l d  Coils  
The f i e l d  c o i l s  were a i r  core  solenoids  having 
an o u t e r  d i a m e t e r  of  4 .75  i n ,  an i n n e r  d i a m e t e r  of 
2 . 2 5  i n ,  and a t h i c k n e s s  of  1.50 i n .  Each c o i l  had 
a D.C. r e s i s t a n c e  of  1 5  O h m s .  When p l a c e d  6.5 i n  
a p a r t  t h e y  p rov ided  a f i e l d  of 2 6  O e / A .  F i g u r e  5 
shows t h e  f i e l d  p r o f i l e  f o r  t h e s e  c o i l s .  The b i -  
p o l a r  o p e r a t i o n a l  a m p l i f i e r  used had a maximum 
vol tage  output  of + 15  V g iv ing  a maximum f i e l d  of 
+ 5 2  O e  w i th  t h e  c o i l s  i n  p a r a l l e l .  
- 
- 
5.  E lec t ron ic s  
A l o c k i n  a m p l i f . i e r  was used f o r  synchronous  
d e t e c t i o n  of t h e  t r a n s d u c e r  s i g n a l .  The v o l t a g e s  
from t h e  two s i d e s  of t h e  bimorph w e r e  s u b t r a c t e d  
by t h e  a m p l i f i e r .  T h i s  doubled t h e  output  vo l tage  
w h i l e  s u b t r a c t i n g  b r o a d b a n d  n o i s e  c a u s e d  by  
mechanical v i b r a t i o n s  and e l e c t r i c a l  pickup. Much 
of t h e  pickup noise  could be e l imina ted  by d r iv ing  
t h e  vane s l i g h t l y  o f f  r e sonance  and measur ing  t h e  
quadrature  ( 9 0 O  ) s igna l .  The output  from t h e  
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l o c k i n  s i g n a l  channel was propor t iona l  t o  t h e  sam- 
p l e  magnetization. This was recorded on t h e  y-axis 
of  an x-y r e c o r d e r .  The f i e l d  c o i l  c u r r e n t  was 
pas sed  th rough  a s h u n t  r e s i s t o r  and t h e  v o l t a g e  
f r o m  t h i s  was r e c o r d e d  on t h e  x - a x i s  of  t h e  
r e c o r d e r .  The f i e l d  c o i l  c u r r e n t  was swept  a t  a 
r a t e  of about 100 O e / m i n .  
I n  o r d e r  t o  measure t h e  m a g n e t i z a t i o n  a s  a 
func t ion  of temperature  t h e  sweep c o i l  assembly was 
submerged i n  a p l a s t i c  foam dewar of l i q u i d  n i t r o -  
gen. The sample ,  on t h e  end of t h e  vane e x t e n s i o n ,  
was j u s t  above t h e  s u r f a c e  of t h e  l i q u i d .  A s  t h e  
l i q u i d  evaporated t h e  sample would s lowly  warm up. 
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Operation and Experimental Results 
1. Magnetometer Calibration 
The magnetometer was c a l i b r a t e d  using two 
N i  ribbon having a spec i f ic  suscep t ib i l i t y  of 52.38 
emu/gm, and (b) A p e l l e t  of N d  O3 having a spec i f ic  
s u s c e p t i b i l i t y  of 0.0102 emuygm . Although it  i s  
fe r romagnet ic  ( Xm i s  a func t ion  of H ) t h e  N i  
sample gave a l i n e a r  M v s  H curve f o r  t h e  low 
f i e l d s  used. From t h e  s lope  of t h e  M v s  H curves 
the  output of the x-y recorder could be calibrated.  
I t  was found t h a t  each t ime a p a r t i c u l a r  vane was 
used it needed t o  be recalibrated.  Presumably t h i s  
was due t o  s l i g h t  changes i n  vane posit ion associ-  
a t e d  wi th  handl ing ,  which was r equ i r ed  t o  change 
samples. 
samples of known s u s c e p t i b i l i t y  7 . ( a )  A p i ece  of 
2 .  Thermocouple Calibration 
The copper-constantan thermocouple which was 
used t o  monitor t h e  sample tempera ture  was c a l i -  
b r a t e d  a t  l i q u i d  n i t rogen  tempera ture  and a t  t h e  
i c e  po in t .  I t  was found t o  be o f f  by -0.004 mV a t  
the l i q u i d  nitrogen boi l ing point and +0.006 mV a t  
t h e  i c e  po in t .  These e r r o r s  correspond t o  0.24 
d e g r e e s  C and 0.16 d e g r e e s  C r e s p e c t i v e l y .  A 
thermocouple c o r r e c t i o n  t a b l e  was generated by 
t a k i n g  a l i n e a r  fit each 10  degrees.  T h i s  should 
i n s u r e  t h a t  t h e  tempera ture  measurements were 
a c c u r a t e  t o  w i t h i n  0.1 degrees .  The thermocouple 
correction t ab le  i s  given i n  the appendix. 
3. Experimental Results 
Data f o r  a sample of SmlBa2Cu 0 doped w i t h  
A g o  i n  a r a t i o  of 3 : l  i s  presented  i n  f i g u r e s  6 
through 10. Since the material  i s  paramagnetic when 
i n  t h e  normal s t a t e  and diamagnet ic  i n  t h e  super- 
conducting s t a t e ,  the superconducting t r ans i t i on  i s  
3 . x  
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XI I I- 14 
Sm 1 23+,4gO 3:  1 
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c l e a r l y  shown i n  f i g u r e  7. The s u s c e p t i b i l i t y  
b e g i n s  t o  go d i a m a g n e t i c  a t  a b o u t  104 t o  105 K. 
T h i s  i n d i c a t e s  t h e  o n s e t  of  a s u p e r c o n d u c t i n g  
phase. A second phase begins t o  show up a t  about 9 7  
K and t h e  sample  becomes f u l l y  s u p e r c o n d u c t i n g  
somewhere between 90 and 92 I<. R e s i s t a n c e  d a t a  on 
t h i s  sample, however, i n d i c a t e  an onse t  temperature  
of 97 K and a z e r o - r e s i s t a n c e  t e m p e r a t u r e  of  90 K .  
I t  i s  e v i d e n t  t h a t  t h e  r e s i s t a n c e  measurement h a s  
missed  t h e  i n i t i a l  phase  because  no comple t e  con- 
d u c t i n g  p a t h ,  of t h i s  phase ,  e x i s t e d  a c r o s s  t h e  
sample .  T h e  second,  l ower  t e m p e r a t u r e  phase ,  d i d  
have such  a p a t h  and i t  c l e a r l y  shows up i n  t h e  
r e s i s t a n c e  d a t a .  The seven  p o i n t s  hav ing  p o s i t i v e  
m a g n e t i z a t i o n  a r e  shown i n  f i g u r e  8 p l o t t e d  on a 
expanded s c a l e .  The s u s c e p t i b i l i t y  of a p a r a -  
magnetic ma te r i a l  obeys t h e  Curie-Weiss law 
X m = C / ( T - O )  ( 7 )  
where C i s  a c o n s t a n t ,  T i s  t h e  a b s o l u t e  tempera-  
t u r e  and 9 i s  t h e  Curie temperature. A p l o t  of l / X m  
v s  T s h o u l d  y i e l d  a s t r a i g h t  l i n e  of  s l o p e  1 / C  and 
i n t e r c e p t  0 / C  a t  l / X m  = 0. Figure 9 shows t h e  p l o t  
of  l / X m  v s  T f o r  t h e  p o i n t s  of p o s i t i v e  magnet iz -  
a t i o n .  The l e a s t  squares l i n e a r  f i t  t o  these p o i n t s  
y i e l d s  t h e  equation 
l / X m  = -2102 + 22.5 T (8) 
which g i v e s  €3 = 93.4 I<. S e v e r a l  r e c e n t  p a p e r s  o n  
t h e  magnetic p r o p e r t i e s  of t hese  compounds, using 
E r ,  Dy, and H o  a s  t h e  r a r e  e a r t h  i o n s ,  w i t h o u t  t h e  
Ago dopant  have r e p o r t e d  v a l u e s  of 0 which v a r y  
from -4 t o  - 7  K ',1° i n d i c a t i n g  t h a t  t h e y  a r e  
an t i fe r romagnet ic .  Although the  samples under s tudy 
here  a p p e a r  t o  obey t h e  Curie-Weiss  l aw ,  t h e y  a r e  
n o t  a n t i f e r r o m a g n e t i c .  F i g u r e  10 shows l / X m  v s  T 
f o r  t h e  comple t e  d a t a  s e t .  T h e  i n t e r c e p t  a t  93.4 K 
i s  shown. 
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The a l t e r n a t i n g  g r a d i e n t  magnetometer h a s  
proved t o  be a powerful and v e r s a t i l e  t o o l  f o r  t h e  
s tudy of t h e  magnetic p r o p e r t i e s  of small  samples. 
The d a t a  shown i n  t h i s  r e p o r t  r e p r e s e n t s  o n e o f t h e  
t e n  d i f f e r e n t  compounds which were s tudied.  These 
compounds w e r e  a l l  doped w i t h  Ago and a l l  showed an 
e l e v a t e d  C u r i e  t e m p e r a t u r e .  Fu r the rmore ,  it h a s  
been demonstrated t h a t  superconducting phases can 
b e  d e t e c t e d  w h i c h  a r e  n o t  s e e n  i n  e l e c t r i c  
r e s i s t a n c e  s t u d i e s .  
Three recommendations which w i l l  i nc rease  t h e  
range and use fu l lnes s  of t h i s  i n s t r u m e n t  a r e :  
1. A d e w a r  n e e d s  t o  b e  b u i l t  w h i c h  w i l l  
p r o v i d e  b e t t e r  t e m p e r a t u r e  c o n t r o l  d u r i n g  t h e  
course of t h e  measurements. 
2.  A l a r g e r  D.C. magnet i s  needed t o  ex tend  
t h e  range of measurements up t o  seve ra l  k i logauss .  
3 .  I s o l a t i o n  from ou t s ide  v i b r a t i o n s  needs t o  
be improved. This should extend t h e  l o w e r  l i m i t  of 
measurement t o  1 r 4  emu/gm or l e s s .  
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